Gray platelet syndrome (GPS) is an inher-
Introduction
Gray platelet syndrome (GPS) is a rare disorder characterized by mild to moderate thrombocytopenia and the presence of large platelets that lack ␣-granules. [1] [2] [3] The diagnosis of GPS is usually confirmed by the absence of platelet ␣-granules as observed by electron microscopy. 1, [4] [5] [6] Patients with GPS exhibit mild to moderate bleeding, and many of them develop myelofibrosis later in life. 3, [7] [8] [9] [10] There have been reports of rare autosomal dominant and X-linked variants of GPS [11] [12] [13] ; however, the majority of cases appear to be autosomal recessive. Although the genetic cause for GPS has yet to be determined, a recent report by Gunay-Aygun et al 14 mapped the autosomal recessive GPS locus to a 9.4-Mb interval on 3p21.
In this report, we used homozygosity mapping and linkage analysis in 5 patients with GPS from 2 Native American families, and one person with GPS of Pakistani origin to localize the GPS locus to a 1.7-Mb region on chromosome 3 (3p21), which is significantly narrower than previously reported. 14 
Methods

Patients
A total of 16 persons were evaluated (5 affected and 11 unaffected) in 2 separate Native American families with GPS from the same settlement. One single patient of Pakistani origin was also included in the analysis ( Figure 1 ). All patients and their families gave written, informed consent in accordance with institutional guidelines and the Declaration of Helsinki. Clinical and laboratory data included family and personal history of bleeding, physical examination, complete blood counts (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article), and optical and electron microscopy to document ␣-granule-deficient platelets. DNA was extracted from whole blood using the Gentra Puregene or QIAamp Blood Kit (QIAGEN). All patient studies were approved by the University of Colorado Denver Institutional Review Board.
Homozygosity mapping and linkage analyses
DNA from each of 11 unaffected and 5 affected persons was interrogated on the Genome-Wide Human SNP Array Version 6.0 (Affymetrix), which contains 906 600 single nucleotide polymorphisms (SNPs), using the Microarray Core facilities at University of Colorado Denver/Anschutz Medical Campus as previously described. 15 The data were analyzed using the Genotyping Console Software (Affymetrix). Homozygosity and copy number variation analyses were performed on all samples using default settings. In addition to Genome-Wide Human SNP Array Version 6.0 SNPs, 21 microsatellite markers were also genotyped in the 3p21 region.
Two-point and multipoint nonparametric linkage analyses were performed using Genehunter. 16 Parametric linkage analysis assuming a recessive model was performed. Marshfield genetic map files that come with easyLinkage 17 were used for the analysis. Results are expressed as logarithm of the odds scores.
DNA sequencing
Sequencing of 11 candidate genes from the homozygous 1.7-Mb region was performed by standard Sanger sequencing as previously described 18 (supplemental Table 2 ).
Targeted sequencing
A custom high-density oligonucleotide microarray (NimbleGen) was designed for the region spanning 3p21 for person III:9 from family number For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From
Results and discussion
Homozygosity mapping has been successfully used to identify genes responsible for recessive Mendelian disorders in consanguineous 20, 21 In our report, although families 2 and 3 are not consanguineous, they are part of a Native American settlement with limited outbreeding. Therefore, we hypothesized a founder effect and performed homozygosity mapping, which is based on the premise that the disease phenotype is the result of the inheritance of 2 identical copies of the mutated gene. This approach is potentially more robust that traditional linkage because populations with limited outbreeding will provide higher statistical power than a collection of unrelated persons or nuclear families. 22 Concomitant linkage analysis demonstrated a logarithm of the odds score of 2.7 at 3p21 (70.6 cM) for the gray platelet phenotype, and no linkage peaks greater than 1.5 were found elsewhere (supplemental Figure 3) . Therefore, we focused all our efforts on the 3p21 region. The genotypes were reexamined in 3p21, and For personal use only. on April 13, 2017. by guest www.bloodjournal.org From homozygosity was confirmed for all affected persons in the region that spanned from bp 48462342 (rs9876781) to bp 50162794 (rs 2526397) (Figure 2 ). These data are consistent with the locus assignment of the GPS gene by linkage to 3p21 recently published by Gunay-Aygun et al. 14 In their report, most of the affected persons exhibited a homozygous haplotype that extended from position 42663630 to 52036954 (9.4-Mb interval). Linkage and homozygosity mapping data from our 3 families allowed us to narrow this region to 1.7 Mb. This region contains a total of 74 genes and was carefully examined for obvious candidates. Candidate genes were chosen based on function and potential involvement in granule biogenesis (supplemental Table 2 ). Special emphasis was given to genes involved in vesicle trafficking, cytoskeleton organization, and signaling. A total of 11 candidate genes were sequenced, but no mutations were found (supplemental Table 3 ).
HOMOZYGOSITY MAPPING WITH SNP ARRAYS
We then, in a nonbiased approach, decided to sequence the entire 1.7-Mb interval in person III:9, clearly affected with the GPS phenotype, using a NimbleGen microarray platform. No mutations were found in this region. Several intronic changes were noted, but the significance of those is not clear. No changes were noted in splice sites or within 50 bp from splice sites, and no sequence variations were found in the 3 intronic microRNAs encompassed within this region. Although the coverage was greater than 90%, we were not able to sequence many smaller regions within this interval. This could be related to the limitations that still characterize mutation detection by next-generation sequencing, including missed variant calls and the inability of identifying variants in coding and noncoding repeat sequences. It has been recently shown that specific sequence variants, such as segmental duplications and long repeats, are particularly subjected to errors in high-throughput sequencing. 23 Therefore, it is not completely surprising that a disease gene mutation was not found by us or other groups.
Gunay-Aygun et al used large-scale genome sequencing to sequence 165 protein-coding genes in a larger interval of 3p21. 14 They successfully sequenced 69% of the region without finding any homozygous or compound heterozygous mutations. Combining our data with that of Gunay-Aygun et al, 14 a total of 40 of 74 potential genes (within the 1.7-Mb interval) have now been fully sequenced by traditional Sanger sequencing. Interestingly, Gunay-Aygun et al 14 reported difficulties in sequencing genes within this region. It is possible that the causative mutation for GPS is in a promoter region or in other regulatory regions that makes its identification more difficult. In summary, we have narrowed the region for the GPS locus from a 9.4-Mb interval to 1.7 Mb. Initial next-generation sequencing failed to identify a causative mutation. Improved whole genome sequencing techniques will probably allow for the discovery of the gene responsible for GPS. This could be relevant not only for the understanding of the disease but also to unveil unknown aspects of platelet ␣-granule biogenesis.
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